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ABSTRACT 

The  boundary  condition  to  bo  applied  to  the  flow  along 
a perforated  vail  is  investigated  theoretically  using  potential 
flow  theory.  The  theory  is  confirmed  by  subsequent  experiments 
with  a low  speed  tunnel.  The  boundary  condition  thus  found  is 
linear  and  not  quadratic  as  was  previously  supposed. 

l • 

M 

\ 

I 


I 


iii 

CONFIDENTIAL 


CONFIDENTIAL 


TABLE  CF  CONTENTS 


Page 

LIST  CF  SYMBOLS v 

LIST  OF  riGURES vi 

I.  INTRODUCTION 1 

II.  THEORETICAL  INVESTIGATION 3 

A.  The  Two  Dimensional  Transverse  Slot  of  Constant  Pressure.;..  3 

B.  Infinite  Number  of  Transverse  Slots 7 

III.  EHERIMENTAL  INVESTIGATION 9 

A.  Apparatus 9 

B.  Data  Reduction. ..  10 

C.  Description  of  Tests. 11 

IV.  RESULTS  CF  TESTS 12 

A.  Confirmation  of  Theory  for  Transverse  Slot 12 

B.  Wall  Characteristics 12 

10  Rectangular  4"  x 1"  Slot 12 

2.  Circular  Hole 12 

3.  Perforated  Walls 12 

4.  Initial  Boundary  layer  Influence 13 

V.  CONCLUSIONS 14 

REFERENCES 34 

iv 


CONFIDENTIAL 


I 


CONFIDENTIAL 


Flow  coefficient 


Prandt 1-Glaue rt  factor 


Velocity 


Circulation 


Mach  number 


Pressure  in  test  section 


Pressure  in  plenum  chamber 


Complex  potential 


Source  strength 


Density 


Ratio  of  open  area  to  total  area 


Undisturbed  flow  velocity 


u,v,w 


Velocity  components  due  to  opening 


Reynolds  number 


Constant  of  proportionality 


CONFIDENTIAL 


CONFIDENTIAL 


FIGURES 


1.  Velocities  through  a two  dimensional  slot 

2.  Flow  about  a flat  plate  moving  downwards  with  constant  velocity 

3.  Transformation  of  slot  to  cylinder 

4.  Theoretical  velocity  distribution  near  slot 

5.  Wall  containing  infinite  number  of  slots 
6 Schematic  diagram  of  testing  arrangement 

7.  Isometric  view  of  plenum  chamber 

8.  Velocity  distribution  along  wall 

9.  Characteristics  of  1®  slot  and  4 in  hole 

10.  Wall  characteristics  of  several  types  of  perforated  sheets 
11  « n it  r it  ■ it  n 

12,  * B * a a a a n 


13. 

14. 

15. 

16. 


» 

n 


n 

a 


an  n n 

it  it  n it 


a 

a 


n 

it 


Wall  characteristics  of  perforated  sheet,  varying  the  length  of  sheet 
Variation  of  m with  Reynolds  number 


Table  I 


vi 


CONFIDENTIAL 


CONFIDENTIAL 


I.  INTRODUCTION 

In  the  theoretical  treatment  of  the  potential  flow  inside  a wind  tunnel 
employing  perforated  walls  to  reduce  wall  interference  in  the  lower  transonic 
regime,  there  is  some  question  as  to  what  boundary  conditions  should  be  im- 
posed onto  the  flow  at  the  wall. 

The  first  theoretical  work  (Ref.  l)  assumed  walls  of  a porous  rather  than 
a perforated  material.  Consequently,  the  flow  through  the  wall  was  taken  as 
viscous  and  a linear  pressure  velocity  relationship  was  assumed. 

V = - K A p (1) 

Extensive  investigations  were  carried  out  for  this  boundary  condition. 

Subsequently,  in  actual  experimental  investigations,  a perforated  wall 
was  substituted  for  the  porous  one.  For  this  wall  the  hole  size  is  no  longer 
small  compared  to  the  wall  thickness,  and  the  treatment  of  the  individual 
holes  as  orifices  is  at  once  suggested.  This  seems  to  indicate  a quadratic 
pressure-velocity  relationship : 

V = c*  ]/i  (2) 

? 

o(  =;  .62  for  thin  plate  orifice. 

However,  such  a treatment  assumes  that  the  pressure  difference  Ap  at 
the  hole  cross  section  is  created  by  the  velocity  components  u,  v,  and  w 
which  are  caused  by  the  hole  and  are  of  equal  order  of  magnitude,  i„e. ? u and  w 
at  a given  point,  are  proportional  to  v.  The  exact  theoretical  treatment  thus 
can  yield  an  orifice  coefficient  cX  as  constant  of  proportionality  of  v. 

While  this  is  correct  if  there  is  no  appreciable  flow  in  the  x direction,  it 
is  certainly  no  longer  time  in  a wind  tunnel  where  there  is  a main  flow  component  U. 
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If  the  latter  Is  Included  in  the  considerations,  the  pressure  difference 
between  hole  cross  section  and  tunnel  main  flow  measured  at  a distance  from 
the  wall  which  is  large  compared  to  the  hole  diameter  becomes: 


2 


(3) 


where  c is  the  velocity  at  the  hole.  If  the  velocity  components  of  the 


perturbation  velocity  c - U are  denoted  by  u,  v,  w,  one  obtains 


ap  = ?/z  f (u  + “) 


2 2 2 r,2 

+ V 4- W -h  U 


= fUti  + f/2  ( u1  + \IZ+ ^Z) 

Since  u,  v,  w are  of  equal  order  of  i jnitude,  one  sees  that  if  U is  much 
larger  than  v and  w the  pressure  in  the  hole  is  determined  by  the  first 
term  in  the  above  equation. 


AP  _ 2_u 

u 


? U ->  u-s~  V ~ w (4) 


Thus,  since  u is  proportional  to  v and  thus  also  to  v,  the  mean 
value  over  the  hole,  a linear  pressure-velocity  relationship  is  obtained  for 
the  perforated  wall. 

In  the  following  sections,  the  constant  of  proportionality  between  u 
and  v will  be  calculated  for  the  case  of  transverse  slots  in  the  tunnel 
wall,  assuming  a constant  Ap  over  the  slot  cross  section.  This  latter 
assumption  is  the  same  as  the  one  made  for  the  calculation  of  the  flow  through 
an  orifice,  the  results  of  which  have  been  verified  experimentally. 
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It  will  also  be  shown  that  this  constant  depends  on  /3  for  linearized 
subsonic  compressible  flows  in  such  a way  as  to  cancel  the  ft  obtained  in 
the  required  boundary  condition  for  interference  free  walls.  Thus  one  and 
the  sane  perforated  wall  should  yield  interference  free  results  within  the 
whole  range  of  linearised  subsonic  theory. 

The  theoretical  results  thus  obtained  will  be  compared  with  experiments 
performed  in  a low  speed  tunnel  on  various  boundaries  including  perforated 
walls. 


II.  THEORETICAL  ; 


IGATIQN 


A.  The  Two  Dimensional  Transverse  Slot,  of  Constant  Pressure 


Consider  the  problem  as  shown  in  Figure  1.  At  y « 0 there  is  a slot 
in  a solid  wall  extending  from  x = -1  to  x * 1.  The  pressure  over  the 
slot  width  shall  be  constant  and  equal  to  p^  * p ♦ Ap.  Thus,  by  virtue 
of  the  linearized  pressure  relationship,  (equation  4)  there  will  be  a constant 
velocity  Uq  extending  from  x = -1  to  x = 1. 

The  problem  is  therefore  the  one  of  finding  a potential  (j)(z)  yielding 
a constant  horizontal  velocity  in  the  slot,  and  no  vertical  velocity  along 
the  remainder  of  the  x axis. 

Thus;  at  y = 0 -1<x<1  u = Uq 


x< 


-ll 


at  z- 


x > l 
(J  (z)-^0 


v = 0 
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If  this  potential  is  multiplied  by  i the  problem  is  transformed  to: 

$(l)  = i $ (Z) 

$(2)  = i - Uz-iVi^V+iu 

* 1 (5) 

u2  = V vt  = - U 


The  boundary  conditions  then  become: 

at  y = 0 -1<x<1  V2  * a constant 

x < - 1 u2  ” ° 

x > 1 

This  is  at  once  recognized  as  the  perturbation  flow  field  generated  by  a 
flat  plate  moving  downward  with  a constant  velocity  (Figure  2). 

The  potential  of  the  flat  plate  is  obtained  by  applying  the  Joukowski 
transformation  to  the  flow  about  a cylinder.  In  doing  this,  finite  velocities 
at  the  points  x » -1  become  infinite.  In  examining  the  original  problem  one 
finds  that  an  infinite  velocity  at  x = -1  is  an  impossibility,  since  the 
wall  possesses  at  this  point  what  one  might  call  a trailing  edge.  In  this 
point  the  Joukowski  condition  has  to  be  applied.  This  at  once  limits  the  num- 
ber of  solutions  of  the  flow  about  the  cylinder  to  the  one  which  possesses  a 
stagnation  point  at  x ■ -1. 

The  flow  about  a cylinder  blown  at  in  the  vertical  direction  obeys  the 
following  potential  in  the  £ plane.  (Figure  3). 

= -m  + (« 

2TT(*  27T 
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flow  shall  have  a stagnation  point  at 

£ * -1. 

H 

i 

u 

VO 

o 

it 

and 

ih  _ 

c 

: r 

— = 0 

27T 

ITT 

potential  of 

A"*,  a circulation,  if  multiplied 

of  a source, 

A’’  can  be  replaced  by  Q. 

The  potential  becomes: 

§«t)~  -i  = ~ (-&6-J) 

The  Joukovski  transformation  relates  this  to  the  z plane  by: 


(7) 


x = j (<$+  £)  <;  = z ± VJ^7~  (8) 

If  this  is  applied  to  the  potential  one  obtains  for  the  velocities: 

§'(*>  = = -£  /£  + ±)  it-2 

di  **  ,C  ^V2-/ 

Q / 


U - t V = 


7T  £-/ 


■S{-VW-'} 

— wign  is  to  be  determined  from  — — 

/ x / > / ^ - .2  JUL  - / ^ 

27T  ' X - / / 


(9) 


where  the  sign  is  to  be  determined  from  case  to  case.  Along  the  wall,  at  y * 0 

(10a) 


V = 0 


(10b) 
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/ X / < / 


U = 


Q_ 

Z7T 


(Ha) 

(lib) 


+ for  upper  half  plane. 

- for  lover  half  plane. 

The  mean  vertical  velocity  through  the  slot  can  be  obtained  by  Integration. 


-hi 

r 

v = Tl  v-</x 

-/ 


(12) 


The  velocity  distribution  about  the  slot,  as  calculated  from  equations 


(10a,  10b)  ("11a,  lib)  is  shown  in  Figure  4. 


If  the  Goethert  rule  is  applied  to  the  above  results  one  obtains. 


U = 


A 


then  at 


ixi </  u - - — 

2-TT/i 


v = 

Q I 

’ 

27T  1 

^ /“X 

V = 

Q 

A. 

17 

-T 

(13) 
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B.  ^nfinjt*  Humber  of  Transverse  Slots 


If  the  vail  is  considered  as  containing  an  infinite  number  of  transverse 
slots  (Figure  5)  , uniformly  spaced  along  the  z axis,  the  method  described 
in  Reference  2,  pages  77  to  93,  can  be  applied  to  obtain  the  velocities  due  to 
these  slots* 

It  can  be  said  that  the  flov  must  have  suction  points  at  z E ni^  - 
The  stagnation  points  must  be  located  in  such  a way  that  the  velocities  at  the 
trailing  edges  of  the  solid  portions  will  remain  finite.  For  this  condition  to 
be  realized,  terms  like  z -(n^  - n^)  must  appear  in  the  numerator.  If  the 
sine  is  used  to  replace  the  infinite  products,  the  conjugate  velocity  c*  will 
be  given  by 


* 

C = u - lv 


r. 


+ 


£ 


*inT  (i-A) 


(H) 


where  a and  b are  complex  constants  to  be  determined  from  the  boundary 
conditions: 

at  y = 0 

in  the  interval  0<x<^x  c*  « uQ  - iv  uQ  = const. 


but: 


sinjf(z-£) 


< 0 


Thus  the  square  root  becomes  imaginary  and,  since  the  real  part  of  c*  must 
be  a constant,  a must  be  real. 

Im  a » 0 Re  b » uQ 


At  y “ 0: 

in  the  interval  £-^<  x 


c*  = u 
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But  since  the  square  root  is  real  in  this  interval  and  the  velocity  shall 
iot  contain  any  Imaginary  part,  we  conclude  that 

Im  b = 0 

Thus  a and  b became: 

a » Re  a 

b - Uo 

The  value  of  a can  be  related  to  the  mean  vertical  velocity  by  evaluating 
the  velocities  at  a large  distance  from  the  wall. 


as  y -*~o©: 


c*  * -iv' 


: [/— - A = Co4Tr4_  +lsUtt4, 


However:  1/  —21 = Cp*  TJ  -fLS^TT*', 

4 4 

2 n-4 

and:  v1  * -a  sin  7 T ~t~ 

A 

TT  4 

uo  = -a  cos  TT  ~T 

The  velocity  relationship  now  becomes: 

/ £ IT* 

V ~ U%  ~tc^n.  TT  : U*  ~ta<n. 

Again,  extending  the  analysis  by  means  of  the  Prandt  1-Glaue rt  rule  to  the 
linearised  subsonic  case,  one  obtains 

= A±£ 

U Uo*  z 2 


Reference  1 gives  the  boundary  condition  required  to  have  no  interference  as: 

— = = W/3  (» 
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From  equation  20,  the  ratio  of  open  to  total  boundary  d , can  then  be  evaluated 
independently  of  Mach  number.  The  numerical  value  for  an  infinite  number  of 
transverse  slots  is  d m 42.2$. 


III.  KgPKHMSKTAL  INVESTIGATION 

A.  Apparatus 

A schematic  diagram  of  the  testing  equipment  is  shovn  in  Figure  6. 
A vane  blower  was  vised  to  supply  air  at  a dynamic  pressure  of  approximately 
2.3  cm.  1^0,  to  an  8*  x 4*  test  section.  The  two  side  walls  of  the  test 
section  were  solid  while  the  lower  side  was  left  open  to  the  atmosphere  to 
insure  atmospheric  pressure  in  the  free  stream.  The  upper  side  of  the  test 
section  was  arranged  to  accommodate  different  types  of  walls.  The  upper 
walls  were  made  of  1/4*  aluminum  and  were  of  the  following  types. 

(a)  Wall  containing  one  1*  x 4"  transverse  slot,  beveled  45°, 
sharp  edge  to  free  stream. 

2 

(b)  Wall  containing  circular  hole  of  4 in  area. 

(c)  Wall  containing  4*  x 5*  opening  into  which  various  samples 
of  perforated  sheets  could  be  fitted. 

Over  the  opening  in  the  upper  wall  a plenum  chamber  was  constructed. 
Auxiliary  suction  equipment  was  available  so  that  both  positive  and  nega- 
tive pressure  differences  could  be  obtained  in  the  plenum  chamber.  The 
quantity  of  air  flowing  through  the  wall  was  measured  by  a precision  meter- 
ing noszle  of  1*  diameter. 
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The  plenum  chamber  was  equipped  with  screens  and  guide  -vails  so  that 
the  flow  through  the  upper  wall  would  be  essentially  two  dimensional . . Pres- 
sure taps  were  provided  so  that  the  tank  pressure  could  be  measured.  Figure 
7.  shows  an  iscmetrlc  view  of  the  plenum  chamber. 

The  perforated  metal  inserts  were  made  of  brass,  the  perforations  being 
of  two  patterns,  square  and  hexagonal.  Two  tests  were  made  for  each  hexago- 
nal pattern,  the  second  test  being  made  on  a perforated  sheet  whose  hexagonal 
pattern  was  rotated  90°  from  the  axis  of  the  original  sheet. 

All  pressure  measurements  were  made  on  a *Betz  Type"  water  manometer, 
which  had  an  absolute  error  of  .002  cm  1^0 . 

B.  Data  Reduction 

The  following  three  quantities  were  measured. 

1.  Dynamic  pressure  q 

2.  Plenum  chamber  pressure  difference  p^  - p = Ap 

3.  Pressure  difference  across  orifice  Ap„„ 

or 

Knowing  these  three  quantities  the  following  dimensionless  quantity 
could  be  evaluated. 

V _ l/J_^ 

a Iff-  f 

= — FFE* 

*AS4  " f 
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Ajj  = Nozzle  area 

Ag  = Area  of  wall  opening 

<X  » Nozzle  coefficient 

Using  these  equations  it  was  possible  to  plot  the  wall  characteristic 

V Ap 

curves  — vs,  — — , 

U f 

C,  Description  o£  Te3ts 

The  first  test  was  made  to  confirm  the  assumption  that  the  flow  through 
the  slot  is  essentially  irrotational  as  assumed  by  theory.  Static  pressure 
taps  were  placed  up  and  downstream  of  the  slot  along  the  x axis.  From  the 
pressure  distributions  thus  obtained,  it  was  possible  to  calculate  the  veloc- 
ity distribution  and  compare  it  to  the  theoretical  distribution  given  by  equa- 
tions 10a,  11a. 

Once  the  accuracy  of  the  theory  was  determined,  the  pressure  velocity 
characteristics  of  this  slot,  the  single  hole  and  different  samples  of  perfo- 
rated inserts  in  the  upper  wall  were  determined  by  measuring  Ap,  Apor  and  q. 

As  an  additional  experiment  the  influence  of  the  Initial  boundary  layer  was 
determined  by  conducting  tests  on  perforated  metal  inserts  of  varying  lengths. 

The  lengths  tested  ranged  from  5 inches  to  1 inch. 
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IV.  RESULTS  CF  TESTS 

A.  Confirmation  of  Theory  for  Transverse  Slot 

Figure  8.  shows  the  curves  of  the  theoretical  and  experimental  velocity 
distributions  in  the  region  of  the  slot.  The  two  curves  correspond  to  a suf- 
ficient degree  to  admit  the  assumption  of  potential  flow  through  the  slot. 


► 


B.  Wall  Characteristics 


1.  Rectangular  4*  x 1*  Slot 

Figure  9.  shows  a comparison  between  the  theoretical  and  experi- 

. Ap 

mental  characteristics  of  the  slot.  The  curve  labeled  ( — , ... 

. a,  th  linear 

Ap  V 

is  a plot  of  equ.  4,  while  the  curve  labeled  exact  is  a plot 

of  the  same  equation  taking  into  account  quadratic  terms  in  Bernoulli’s 

equation.  Since  in  the  actual  use  of  perforated  walls,  the  perturbation 

y 

term  — is  smaller  than  1056,  the  linear  law  gives  a sufficiently  accu- 
rate approximation. 


2.  Circular  Hole 

The  results  of  tests  made  with  a circular  hole  in  the  upper  wall 
indicate  that  it  also  has  a linear  characteristic.  Because  of  the  in- 
fluence of  the  side  walls,  these  results  correspond  to  a row  of  circular 
holes  four  inches  apart. 

3.  Perforated  Walls 

Sample  wall  characteristic  curves  are  shown  in  Figures s 10,  11,  12, 
13,  14.  Again  it  appears  that  the  relation  is  a linear  one  within  the 
limits  of  the  proposed  theory. 
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It  is  of  interest  to  note  the  displacement  of  the  experimental 
curves  to  the  right  of  the  origin.  This  can  be  explained  in  the  fol- 
lowing way.  When  Ap  = 0,  a mixing  process  will  exist  similar  to  that 
occurring  in  a free  jet.  Due  to  this  mixing  process  a vert-'c&l  velocity 
will  be  induced.  As  A p goes  to  negative  values,  the  outflow  through 

the  vail  will  become  more  and  more  restricted,  until  at  the  point  where 

Ap 

the  characteristic  curve  crosses  the  — axis,  the  adverse  pressure 

r 

difference  will  tend  to  cancel  any  outflow. 

4*  Initial  Boundary  layer  Influence 

Results  of  boundary  layer  influence  tests  are  presented  in  Figure 
15.  It  is  noted  that  the  linearity  is  not  affected  by  the  changes  in 
the  ratio  of  boundary  layer  thickness  to  length  of  insert.  The  constant 
of  proportionality  is  affected  only  to  a slight  degree. 

V.  CONCLUSIONS 


It  is  at  once  evident  from  the  results  that  the  boundary  condition  for 
the  perforated  wall  is  a Linear  one,  and  not  quadratic  as  was  previously 
supposed. 

The  Reynold  a number  which  varied  over  a large  range  of  values  does  not 
affect  the  linearity.  From  Figure  16.  it  is  seen  that  the  orientation  of 
the  hexagonal  pattern  does  have  same  influence  on  the  constant  of  propor- 
tionality a. 
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